In the present study, we demonstrate single-molecule imaging of triple helix formation in DNA nanostructures. The binding of the single-molecule third strand to double-stranded DNA in a DNA origami frame was examined using two different types of triplet base pairs. The target DNA strand and the third strand were incorporated into the DNA frame, and the binding of the third strand was controlled by the formation of Watson-Crick base pairing. Triple helix formation was monitored by observing the structural changes in the incorporated DNA strands. It was also examined using a photocaged third strand wherein the binding of the third strand was directly observed using high-speed atomic force microscopy during photoirradiation. We found that the binding of the third strand could be controlled by regulating duplex formation and the uncaging of the photocaged strands in the designed nanospace.
Triple helices are fundamental variants of DNA structure and have several biological applications, including the sequenceselective recognition of double helices.
[1] [2] A triple helix is formed by the recognition of the poly-purine (Pu)/poly-pyrimidine (Py) double-stranded DNA (dsDNA) by a poly-Py third strand. [3] [4] [5] [6] The poly-Py third strand binds to the poly-Pu strand in Watson-Crick (WC) base pairs in parallel orientation via Hoogsteen base pairing. Selective binding of the external strand to a particular domain of the dsDNA allows for the delivery of DNA-cleaving agents to the target site in large dsDNA structures, including chromosomes. [7] [8] Variations in the triple helix have been explored to expand the recognition sequences. A poly-Pu third strand that identifies Pu in WC base pairs in antiparallel orientation has been shown to recognize the four WC base pairs. [9] [5] Moreover, non-canonical bases have been incorporated into the third strand to recognize the four WC base pairs. [10] Recently, triplex formation has found application in pHresponsive DNA devices and hydrogels. [11] [12] [13] The recent emergence of DNA origami technology allows for the design and construction of various DNA nanostructures. [14] It offers a versatile scaffold for the placement of substrate DNA strands to observe single biomolecules at molecular resolution. The DNA strands can be selectively incorporated into the four connection sites in the DNA origami frame, so that the distances between the incorporated DNA strands can be controlled and their orientations aligned. [15] Triple helix formation has been utilized to modify DNA nanostructures with functional groups attached to the third strand. High-speed atomic force microscopy (AFM) measurements have been used recently to probe DNA nanostructures and their reactivity at the single-molecule level. [15] [18] In these experiments, the individual DNA nanostructures were assembled in the DNA origami frame, and the reactions of the nanostructures were elucidated by analyzing the DNA frames. This method can be used for the single-molecule visualization of enzymatic processes in the DNA nanostructures. [19] [20] [21] [22] Gmultiplex and i-motif structures, and their reconfiguration, [23] [24] [25] [26] B-Z transitions, [27] and the imaging of the DNAzyme reaction [28] in the DNA nanostructures has also been demonstrated. In the present study, we applied high-speed AFM to follow triple helix formation at the single-molecule level. First, we examined the triplet Py-(Pu-Py) for triplex formation (Figure 1a) . To observe the binding of the third strand to dsDNA, we introduced the poly-Py strand of the dsDNA into the upper side of the DNA frame, and the poly-Py third strand into the lower side. We controlled the third strand binding by the addition of the poly-Pu strand of the dsDNA (second strand) to the top strand in the DNA frame (Figure 1b) . [19] Without the second strand, the third strand cannot form the triple helix, and it results in the first and the third strands remaining separate. Only the target sequences are exposed and the other sites are covered by the dsDNA. Figure 1c shows the DNA sequences we used in this study. We used two different lengths of the third strand, one of which had four nucleotide spacers at both the sides to facilitate triple helix formation.
We examined the formation of the triple helix in solution using the above-mentioned strands. We measured the melting temperature (Tm) using the same buffer that was used for the DNA nanostructure formation. The buffer contained 20 mM TrisHCl buffer (pH 7.0), 10 mM MgCl2, and 1 mM EDTA ( Figure S1 ). We observed the dissociation of the triplex and duplex structures in the melting profiles. The melting curve for the antiparallel triplex was clearly observed. In the case of the parallel triplex, dissociation was not observed clearly. It might be due to the low hyperchromicity of the third strand dissociation. [29] In both the types of triplexes, the melting temperatures were found to be above 30 o C. We used the solution condition of the helices for the AFM observations. We next prepared the DNA nanostructure samples. DNA frames were prepared in the solution as described in a previous study. [19] We connected the first and third strands to the upper and lower sides of the DNA frame respectively, using the four single-stranded DNA tethers as linkers (Figures 1b and S2) . First, we examined the two strands in the DNA frame without the addition of the second strand. Without the second strand, the two incorporated strands were separate in most samples; connected strands were observed in about 3% of the frames for both lengths of the third strand (Figures 2, S4 , and S5). Next, we added the second strand to the DNA frame having the two preincorporated strands. We used AFM to observe the structures after incubation with the second strand and found an increase in the connected (X-shaped) strands in the DNA frame. In the case of the third strand without the spacers (third strand 1), the proportion of the connected structures increased to 19%, suggesting that the addition of the second strand induced triple helix formation in the DNA frame. Using the third strand with spacers (third strand 2), the proportion of connected structures increased to 24%. In the formation of the triple helix in the DNA frame, third strand binding resulted in structural stress caused by the topological connection of the top and bottom strands. By reducing this structural stress, the spacers worked to increase the yield of the triplex formation.
We further analyzed the connected domain in the X-shaped structure. We obtained the section profiles of length and height of the connected domain containing the first/second/third strand 2 from the AFM image (Figure 2d ). The length of the connected domain was found to be 7.0 nm, which corresponds to the length of 20 base pairs. We used the 16 bp triplex with the fournucleotide spacers at both the sides, so that the triplex would fully form in the connected domain. In addition, the height of the connected domain (3.3 nm) was larger than that of the bundled duplexes in the DNA frame (2.3-2.5 nm). This also shows that the connected domain contains the triple helices. In the individual DNA frames presented in Figure 2a and 2b, we observed a higher part in the center of the X-shaped structure measuring about 5-10 nm in length. This also indicates the formation of the triple helix and its detection in this system. The Py-(Pu-Py) triple-helix formation is pH sensitive. The protonation of the cytosine base promotes the binding of the third strand and makes the triplex more stable in acidic conditions ( Figure S8 ). We examined triplex formation with third strand 2 at pH 6.5 and 6.0. Using the same method for triplex formation in the DNA frame as described above, we observed the connection (X-shaped structure) in 46% and 51% of the frames at pH 6.5 and 6.0, respectively (Figures S9, 10) . Without the second strand, 11% and 20% of frames formed the Xshaped structure at pH 6.5 and 6.0, respectively. Hence, although a lower pH promoted triplex formation, the nonspecific binding without the second strand was also observed more frequently in the nanospace.
We also examined the other type of triplet base pairing (PyPu)-Pu (Figure 3a) . In this case, the poly-Pu third strand binds to the poly-Pu strand in the poly-Py/poly-Pu dsDNA in an antiparallel orientation (Figures 3b and S3) . [9] We incorporated the first strand and the third strand into the upper and lower sides in the DNA frame, respectively. When the two strands were incorporated, the proportion of connected strands using the third strand 1 and 2 were 8.7% and 9.7%, respectively ( Figures  3c, 3d , S6, and S7). In the (Py-Pu)-Pu triplet, the poly-Pu third strand binds to the poly-Pu first strand in parallel orientation. In solution, it would be difficult to form a poly-Pu/poly-Pu duplex in parallel orientation because of the conformation of the backbone. In the nanospace, the orientation of two strands was aligned in the DNA frame and the two poly-Pu strands were brought close enough to interact. After incubation with the second strand, the connected strands were observed using the third strand 1 and 2 in 26% and 31% of the frames, respectively. As with the earlier experiment, the spacers of the third strand helped in the formation of the triplex. To observe the change in the configuration of the target duplex and the third strand during triple helix formation, we introduced a photocaged group in the third strand. We prepared a sample using the Py-(Pu-Py) triplex with the first strand and the third strand containing photocaged thymidines (Ts) ( Figure  4a ). The first strand and the caged third strand were connected to the upper and lower sides in the DNA frame, respectively. The second strand was then introduced to the frames and incubated. Photocaged T has a 6-nitropiperonyloxymethyl (NPOM) group at the N3 position [30] that prevents the binding of the third strand.
We incorporated two caged Ts into the third strand. After assembling the strands, the strand configurations were observed in the DNA frame. Just after the assembly, the proportion of Xshaped formations was 6.7% (Figures 4b and S8) . This sample was then treated with UV irradiation at 25°C for 10 min to remove the caged group. Under this condition, the photocaged groups were removed from the DNA strand ( Figure S11) . Following the irradiation, the photocaged group was removed completely. After photoirradiation, the proportion of connected strands (X-shaped structures) increased to 33% (Figures 4b and  S12 ). These results indicate that triple helix formation was controlled in the nanospace by the photoreaction. Finally, we used high-speed AFM to image the triplex formation at the single-molecule level. The duplex and the caged third strand were assembled in the DNA frame. During the AFM scanning, irradiation with UV-light was performed. After 10 s of irradiation, the connection of the two strands in the DNA frame was observed (Figures 4c and S13 , Movie S1). The uncaging of the protecting groups is required for the binding of the third strand to the target dsDNA to form the triple helix. Hence, we could directly observe the binding of the third strand using photochemical reaction and high-speed AFM. This method, therefore, temporally initiated the triple helix formation in the nanospace.
We have demonstrated the formation of a triple helix in the DNA nanostructure. The third strand binding to the dsDNA could be clearly monitored by observing the binding of the two strands incorporated into the DNA frame. Different types of triplet base pairing, Py-(Pu-Py) and (Py-Pu)-Pu, were incorporated, and the strands were arranged in different orientations in the DNA frame. The photoinduced binding of the third strand was controlled by photoirradiation and could be directly visualized by high-speed AFM performed during the same time. This observation system is a practical approach for investigating the interaction of various arrangements of DNA strands in differing orientations, and for monitoring the structural changes induced by the chemical reactions.
Experimental Section
Materials. All the staple DNAs for the DNA frame were purchased from Eurofins Genomics (Tokyo, Japan). Single stranded M13mp18 viral DNA was purchased from New England Biolabs (Ipswich, MA). The DNA strand containing NPOM-dT was purchased from Japan Bio Services (Saitama, Japan).
Melting temperature measurements.
For the formation of the duplex and triplex, DNA strands (5 μM) were added to a solution containing 20 mM Tris-HCl buffer (pH 7.0), 10 mM MgCl2, and 1 mM EDTA. The samples were annealed; the Tm profiles were recorded on a JASCO 670 UV/Vis spectrophotometer. The temperature was increased at a rate of 1.0°C /min from 5°C to 90°C.
Preparation of the DNA frame. The DNA frame was assembled in a 25 μL solution containing 8 nM M13mp18 single-stranded DNA, 50 nM staple strands (6.25 eq), 20 mM Tris buffer (pH 7.0), 10 mM MgCl2, and 1 mM EDTA as per a previous study. [20] The mixture was annealed from 85°C to 15°C at a rate of -1.0°C /min.
Introduction of dsDNAs into the DNA frame. The pre-assembled dsDNAs containing the first and third strand [40 nM (5 eq)] were incorporated into the DNA frame (8 nM) by heating at 40°C for 10 min and then cooling to 15°C at a rate of -1.0°C /min using a thermal cycler. The sample was purified using gel filtration (Sephacryl-300, GE Healthcare). The assembled structures were observed by AFM. Then, the second strand [100 nM (12.5 eq)] was added to the sample and incubated at 25°C for 1 h. The assembled structures were observed by AFM.
AFM imaging of the target dsDNAs in the DNA frame. AFM images were obtained on a Dimension FastScan (Bruker AXS, Madison, WI). The sample (2 μL) was absorbed on a freshly cleaved mica plate for 5 min at room temperature, and then washed with the buffer solution for the observation. Scanning was performed in the same buffer solution using a tapping mode.
Incorporation of photocaged strands into the DNA frame and photoirradiation. The preassembled dsDNAs containing the first strand and the photocaged third strand [40 nM (5 eq)] were incorporated into the DNA frame (10 nM) by heating at 40°C for 10 min and then cooling to 15°C at a rate of -1.0°C /min using a thermal cycler. The sample was purified using gel filtration (Sephacryl-300, GE Healthcare). Then, the second strand [100 nM (12.5 eq)] was added to the sample. Photoirradiation for the sample was performed using Xe-lamp (300 W, Ashahi-spectra MAX-303) with band path filter (350 nm; 10 nm FWHM) at 25°C for 10 min. The temperature during the photoirradiation was controlled by using a temperature-controlled dry bath. The samples were observed by AFM before and after photoirradiation.
High-speed AFM imaging. High-speed AFM images were obtained using an atomic-force microscope (Nano Live Vision, RIBM, Tsukuba, Japan) with a silicon nitride cantilever (Olympus BL-AC10EGS). The sample (2 μL) was absorbed on a freshly cleaved mica plate for 5 min at room temperature, and then washed with the buffer for observing the photocaged third strand binding. Scanning was performed in the same buffer using the tapping mode. Photoirradiation was carried out directly on the stage of the atomic force microscope (Olympus IX70 microscope) using an Hg-lamp light source (Olympus U-RFL-T) with band path filters (330-380 nm for UV-irradiation).
